Abstract Using a standard cellular fusion technique and indirect enzyme-linked immunosorbent assay (ELISA), a hybridoma cell line strain secreting anti-HBs monoclonal antibody (mAb) (defined G6 mAb) was obtained. The cells grew and secreted mAb stably. Antibody titers in the culture supernatant and ascites were 2.048 Â10 6 and 4.096 Â10 6 , respectively. By applying the anti-HBs G6 mAb and horseradish peroxidase (HRP)-labeled goat antiHBs antibody, we developed a sandwich ELISA (defined G6m ELISA) for detecting both wild-type and immune escape mutant HBsAgs (IEM HBsAg). The assay was performed to detect 17 species of genome recombinant expression HBsAg, including two wild-type species and 15 IEM HBsAg species, which varied in the "a" determinant, in a group of patients infected with hepatitis B virus (HBV). The patients previously had a lower ELISA detection signal [(absorbance of patients/absorbance of normal people (P/N): 1.0-4.5)]. The results demonstrated that the sensitivity of this assay to wild-type HBsAg was no less than 0.125 μg/L; 12 of 15 IEM HBsAg species (P/N≥2.5) were positive for G6 mAb. Of the positive IEM HBsAg species, two had a low absorbance value at 450 nm (A 450 ), one had an intermediate A 450 value and nine had a high A 450 value, which was 7.55%(mean), 59.4% and 92.1%-109.4% of the wild-type A 450 value, respectively. The two species with low A 450 value and the three negative species mutated at the bases 120-124 in the first loop of the HBV "a" determinant. Using the G6 ELISA and two commercial ELISA kits (A and B), 177 patients were tested. The G6 ELISA had a significantly higher detection rate than either commercial ELISAs (19.21% vs 14.89% and 6.21%, respectively; P < 0.01, P < 0.05, respectively).
Introduction
The ongoing epidemic of hepatitis B virus (HBV) is one of the most serious public health issues in the world [1, 2] . As the virus polymerase enzyme lacks proofreading activity, it is likely to have a much higher mutation frequency than the polymerases of other DNA viruses [3, 4] . When mutations develop in some specific gene regions, such as the "a" determinant, a shift can occur in the expressed hepatitis B surface antigen (HBsAg), which can result in an HBV immune escape mutant strain (HBV IEMS) [1, 4] . Many researchers have demonstrated that the immune escape mutant of HBV (IEM HBV) is similar to wild-type HBV in both pathogenesis and infectivity [5] [6] [7] . Because the mutant virus cannot be neutralized by the protective antibodies already circulating in the body and most commercial kits cannot detect it, it is possible that clinical misdiagnoses can be given to infectious HBV patients and both blood donor screening and serum epidemiology investigations become unreliable. As a result, this problem has attracted much attention [6, [8] [9] [10] . Our group has begun to investigate this phenomenon that goes back to the last century. A new monoclonal antibody (mAb)-producing cell line (anti-HBs G6 mAb) has demonstrated a strong capacity for combining with mass IEM HBsAg. In this study, we primarily evaluated the binding ability of this mAb with the HBV mutant in the "a" determinant.
Materials and methods

Materials
BALB/c mice were provided by the Experimental Animal Center of the Hubei Center of Disease Control and Prevention, Wuhan, China. HBV Dane particles, genome recombinant expression HBsAg and Al(OH) 3 gel were obtained from Wuhan Institute of Biologic Products, China [11, 12] . Sp2/0 cells were obtained from the China Center for Type Culture Collection, Wuhan, China. RPMI1640 culture medium was purchased from Gibco Corporation, USA. Goat anti-mouse IgG and horseradish peroxidase (HRP)-labeled goat anti-mouse IgG were purchased from the American Pierce Corporation (USA). HRP-labeled goat anti-HBs and the commercial HBsAg enzyme-linked immunosorbent assay (ELISA) kits were procured from market. Anti-HBs A11 mAb and anti-HBs Mt mAb were purchased from the Wuhan Institute of Biologic Products, China [13] . G145R-mutant HBsAg was prepared by our group [14, 15] . The highly concentrated HBsAg quality control blood serum was obtained from market. The other expression products of wild-type HBV S protein and recombined IEM HBV S protein were collected from the Division of the Clinical Immunology Laboratory, Tongji Hospital, China [16] .
Subjects
The enrolled included 177 patients (96 males) with an average age of 27.9 AE 15.3 years, who were previously examined using G145R HBsAg kits which were collected from the Clinical Laboratory in our hospital from September to November 2006. The detection values [absorbance of patients/absorbance of normal people (P/N)] ranged from 1.0 to 5.0, when common commercial ELISA kits were used for screening. The control group included 52 college freshmen who took the physical examination during the 2006 school year. The students had received the hepatitis B virus vaccine no longer than one year previously, and were positive for anti-hepatitis B surface antibody (anti-HBs) but were negative for hepatitis B surface antigen (HBsAg), hepatitis B e antigen (HBeAg), anti-hepatitis B e antigen (anti-HBe), antihepatitis B core antigen (anti-HBc) and HBV DNA. All physical and biochemical examination indices were normal.
Methods
Preparation of anti-HBs G6 mAb
Anti-HBs G6 mAb was prepared as previously reported by Qian et al [17] . Briefly, BALB/c mice were immunized routinely with the HBV Dane particle fraction extracted from the sera of infected patients [11] . Three days following the last immunization, the mice were killed and the spleen cells were isolated. Cells were mixed with SP2/0 cells at a ratio of 1∶10. Anti-HBs hybridoma lines were prepared by cell fusion and limited dilution screening. Ascites was induced by pristane. Total protein content in ascites was determined at 280 nm using an ultravioletvisible spectrophotometer. Bovine serum albumin (BSA) was used as a standard for protein quantification. Anti-HBs G6 mAb was purified by using caprylic acid-ammonium sulfate fractionation.
G6 ELISA development
The G6 ELISA (Dual-antibody sandwich ELISA) was developed by our group using anti-HBs G6 mAb and HRPlabeled goat-anti-HBs IgG according to the following procedures: (1) anti-HBs G6 mAb was diluted in carbonate buffer (pH 9.6), distributed into microwell plates, and incubated at 4°C overnight; (2) the coated microwell plates were washed 5 times with phosphate buffered saline (PBS)-Tween; (3) the microwell plates were blocked with 20 g/L BSA (150 μL/well) and incubated at 37°C for 2 h, then the liquid was discarded; (4) undetected and contrast samples were added (100 μL/well), allowed to react at 37°C for 30 min, and washed as above (2); (5) goat antiHBs-HRP IgG (100 μL) was added to each well, incubated at 37°C for 30 min and then washed; (6) tMB-H 2 O was added to each well and incubated at 37°C for 15 min. The reaction was terminated by the addition of 50 μL H 2 SO 4 (2 mol/L) to each well. The samples were measured using a microplate reader at A 450 ; (7) A 450 values were confirmed with the positive criterion at P/N≥2.1.
Neutralization assay
The neutralization assay was developed by our laboratory [18] . Anti-HBs G6 mAb was added to rG145R HBsAg and r-wHBsAg, and incubated at room temperature for 30 min. The mixtures were then transferred into a microwell plate coated with Mt mAb or A11 mAb, incubated for 30 min, and washed three times with PBS-Tween. HRP-labeled goat anti-HBs IgG was added and wells were incubated and washed as above. TMB-H 2 O was added for incubation and the A 450 value was measured as it was for the G6 ELISA. The inhibiting rate was calculated by comparing the above A 450 value with that of the non-neutralization wells.
Other routine HBsAg ELISA trials
The examinations with the commonly-used commercial HBsAg ELISA kits were performed according to the manufacturer's instructions.
Data analysis
All statistical analyses were performed using SPSS13.0 software. A P < 0.05 was considered to be statistically significant.
Results
Determination of mAb
A hybridoma line, G6B3F1, which has a high secreting capacity for anti-HBs IgG6 mAb, was selected from 376 hybridomas prepared by routine cell fusion. The ascites of anti-HBs IgG6 mAb was induced by pristane. Anti-HBs IgG6 mAb IgG was purified using caprylic acid-ammonium sulfate fractionation. Cell culture supernatants, ascites and purified antibodies (anti-HBs G6 mAb IgG) were examined using an ultraviolet-visible spectrophotometer and sandwich ELISA. The titers of anti-HBs in the supernatant, ascites and purified products detected by ELISA were 2.048 Â 10 6 , 4.096 Â 10 6 and 1.024 Â 10 6 , respectively. The protein concentrations of ascites and purified antibodies were 11.2 Â 3.16 and 3.60 g/L, respectively.
G6m ELISA sensitivity
The A 450 values of serial diluted quality-control HBsAgpositive serum were detected by G6m ELISA, and compared with those of the recombinant G145R mutant HBsAg expression product in the condensed culture supernatant (Fig. 1) . The color intensities and the slopes of the linear dilution curves were very similar (0.716 and 0.729, respectively). The control serum was still positive (P/N value = 4.5), with the concentration of HBsAg being 0.125 μg/L.
Binding characteristics of mutant antigens
The G6-ELISA was used to examine the genome recombinant expression variants (15 samples) which had mutations in the "a" determinant. The results were compared with those of the wild-type and non-"a" determinant mutants (Table 1 ). The G6-mAb reacted with 12 of 15 IEM HBsAgs, 9 of which had a coloring intensity that was 90% stronger than recombinant wildtype HBsAg (r-wHBsAg). Twelve recombinant IEM HBV S proteins with "a" determinant mutations were detected by 5 different commercial ELISA kits in which the tracing antibodies were replaced with HRP-labeled goat anti-HBs. The average coloration rate of each protein was calculated by using the homochronous detecting signal of two recombinant wild genome expression products as baseline. The results were compared with those from G6m-ELISA ( Table 2 ). (Table 3) , and the former had a much lower effective blocking concentration (for > 50% neutralization rate). The reaction of A11 with rwHBsAg could only be blocked by a high concentration of anti-HBs G6 mAb, and there was no reaction from A11 with rG145R HBsAg. Under the same reaction conditions, anti-HBs A11 mAb and anti-HBs Mt mAb were tested for their ability to block HBsAg neutralization. When the plates were fully coated with wild-type HBsAg and the neutralization concentration was 100.00 mg/L, the average rate of neutralization was only 6.83% and 1.45% for anti-HBs A11 mAb and anti-HBs Mt mAb, respectively.
Clinical examination
The G6-ELISA and two commercial ELISA kits (B and C) were compared for their abilities to detect HBsAg in a group of specific clinical sera. The sensitivities of the G6-ELISA and two commercial ELISA kits (B and C) were 0.125, 0.25 and 0.125 ng/mL, respectively. The positive detection rate of the G6 ELISA was 19.21% (34/177 cases), and 6.21% and 14.89% for the two commercial ELISA kits (B and C), respectively (P < 0.01 and 0.05, respectively). There was also a significant difference in the positive detection rate between two commercial ELISA kits (B and C, P < 0.01).
The results indicated that anti-HBs G6 mAb, A11 mAb and Mt mAb bound to different antigen determinants of HBsAg. The distance between the binding sites (including framework and space distances) of anti-HBs G6 mAb and anti-HBs A11-mAb on the corresponding antigen determinants of r-wHBsAg was far, but there was still some correlation between the two antigen determinants. AntiHBs G6 mAb could effectively block the binding of antiHBs MT-mAb with either wild-type or G145R HBsAg. However, the different blocking efficiencies suggest that the distance between the corresponding antigen determinants of anti-HBs G6 mAb and anti-HBs MT-mAb was shorter than that of anti-HBs G6 mAb and anti-HBs A 11-mAb. It is presumed that the differences in the ability of anti-HBs G6 mAb to bind with the two antigens result from a spatial change in the protein framework of the G145R mutant.
Discussion
As with wild-type HBV, it is important for the clinical diagnosis and epidemiologic investigation of HBV IEMS infection to detect genes, antigens and antibodies. The methods, positive rate and positive coverage of the detections are various, and the clinical significances are also different [19] [20] [21] [22] . Since the early 1990s, many researchers have studied the difficulties in the detection of IEM HBsAg. They attempted to increase the clinical detection rate of HBsAg using kits coated with polyclonal antibodies, high-affinity antibodies against the non "a" determinant of HBsAg or a group of mAb against the "a" determinants of different IEM HBsAgs to prevent common health problems caused by false-negative diagnoses of the HBV infection [20] [21] [22] . Since 2000, many domestic ELISA kits have been able to detect IEM HBsAg to some degrees. However, detection products that have similar detection rates as Abbott chemiluminescence are not available. We attempted to prepare an mAb for the reliable clinical diagnosis of HBV infection and obtained one hybridoma cell line that secreted an anti-HBsAg antibody named "G6". Systematic assessments demonstrated that this cell line could secrete an antibody with high efficiency and the secreted antibody was equal to or better in specificity and affinity than the corresponding antibody in the currently available commercial kits. The sensitivity of G6 ELISA was no less than 0.125 ng/mL based on its ability to detect the wild-type HBsAg.
Further analysis suggested that the binding ability of this mAb with IEM rHBsAg had some of the following characteristics: (1) This mAb could detect more (12/15) IEM rHBsAgs than the mAbs previously reported and its reaction degree showed an evident character that was either high or low. In addition, its capability of detecting IEM rHBsAg was better than that of commercial kits [23, 24] . (2) Its ability to bind with IEM HBsAg with mutations at the amino acid sequence sites 139, 145, 144, 143 and 142 located in the "a" determinant of the antigenic loop II and the plasmid production levels was equal to that of the wild-type HBsAg. It was markedly weaker at binding with the site replacement mutants that had mutations located at either the beginning of or nearby the "a" determinant loop I, including amino acid sequence sites 120, 122, 123, and 124. (3) Its binding ability with site 126 mutant (in the "a" determinant loop I) was equal to the wild-type HBsAg, and there existed differences in the ability of the mAb to bind with site 129 mutants with different amino acid replacements. (4) There were no specific rules regarding the ability of the mAb to bind with the multi-site mutants. However, HBsAgs with mutations in the middle or the tail of the "a" determinant loop II could, to some degrees, improve the poor reaction caused by mutations in the beginning of loop I. The mAb was able to bind to HBsAbs with mutations outside the "a" determinant as well as it could do to the wild-type.
The relationship between the structure of IEM HBsAg and the degree of the antigenic shift has attracted much attention. He et al [25, 26] found that the main reason for the decline in the affinity of the IEM mutant to the primary antibody (which was for wild-type HBsAg) was the difference in the water affinity between the original amino acid and the substitute. Hou et al demonstrated that in two patients infected by an IEM HBV with mutations in amino acids 121 to 124, the IEM HBsAg was not positively detected, even when using the anti-HBs polyclonal antibody [27] . The results were verified by our study. On the other hand, both sites 122 and 160 were the key amino acid sites for determining the HBV serotype [28] , suggesting that there was some special association between the antigenic shift in special sites (e.g., the antigen binding site of anti-HBs G6 mAb) and the group determinant of HBV, and strong antigenic shift was highly associated with the mutation site.
The blocking tests demonstrated that the antigen binding sites of anti-HBs A11 and anti-HBs Mt mAb were independent of each other. Anti-HBs G6 mAb could block the reactions of anti-HBs A11 and anti-HBs Mt with r-wHBsAg, but the degree of blocking was limited, and its ability to block anti-HBs A11 was lower than the latter, suggesting that the corresponding antigen determinant of anti-HBs G6 mAb was independent of anti-HBs A11 and anti-HBs Mt mAb in the primary structure. In addition, it suggested that there was a significantly larger spatial distance between the corresponding antigen determinants of anti-HBs G6 mAb and anti-HBs A11 mAb than that of anti-HBs G6 mAb and anti-HBs MT mAb. Because the specificity of the anti-HBs A11 mAb to the "a" determinant (or the nearby sites) of HBsAg is most definite, we conclude that there exists some distance in the amino acid sequence between the corresponding antigen determinant of anti-HBs G6 mAb and the HBsAg "a" determinant.
In this study, serum samples were examined using a G6 ELISA and two commercial ELISA kits (B and C). The results demonstrated that G6 ELISA and commercial ELISA kits B and C had similar sensitivities (0.125, 0.25 and 0.125 ng/mL, respectively), and the positive rate was 19.21% (34/177 cases), 6.21% and 14.89%, respectively. The negative serum was correctly identified by the G6 ELISA and the two commercial ELISA kits. Together, these data indicate that the G6 ELISA has a stronger capability to detect HBsAg than the commercial ELISA kits. The G6 mAb had a strong sensitivity for wild-type HBsAg (0.125 ng/mL), same as the commercial ELISA kits; its blocking efficiency against G145R HBsAg was greater than that against wild-type HBsAg when coated with the anti-HBs Mt mAb (Table 3) ; it detected more IEM HBsAgs and its ELISA signal intensity was stronger than the tested commercial ELISA kits and/or anti-HBs mAbs (Tables 2 and 3 ), and we presume that the sera were detected as HBsAg positive only by using the G6 ELISA containing IEM HBV. The recent studies by Ijaz and Louisirirotchanakul et al have also provided some clinical evidence [29, 30] .
